It has been suggested previously that phagocytic activity in the human placenta is confined to cells of the macrophage lineage. However, earlier studies were hampered by the paucity and poor viability of cells inherent in primary trophoblast cell cultures, contamination by other cell types which themselves have phagocytic activity, lack of reliable markers of trophoblasts, and by limitations of methods available to demonstrate unequivocally the internalization of particulate material. We have overcome these limitations by using: (i) DNA transfection to provide unlimited supplies of pure trophoblast cell lines; (ii) human placental lactogen as a marker unique to trophoblast; and (iii) confocal microscopy to demonstrate unequivocally the intracellular locality of phagocytosed material. We found that both untransfected primary culture extravillous trophoblast cells, as well as the cell lines, had the capacity to phagocytose sheep red blood cells, Staphylococcus aureus and baker's yeast cells, and that this activity was inhibited by cytochalasin B and by culture at 4°C. Phagocytic activity in trophoblast cells was less avid than that seen in a professional phagocyte. In physiological and pathological situations where tissue remodelling occurs, such as the rapid turnover in the periodontal ligament or during inflammation, epithelial cells and other cells that are not considered professional phagocytes actively phagocytose components of the extracellular matrix. We postulate that phagocytosis by human trophoblasts may play an important role in the extensive tissue remodelling that occurs during trophoblastic invasion of the decidua.
Introduction
Phagocytic activity has been described previously as an established characteristic of the trophoblast during the early gestations of many species, including man (Wislocki and Bennet, 1943; Finn and Lawn, 1968; Enders and Schlafke, 1969; Smith and Wilson, 1971; Knoth and Larsen, 1972) . Such activity is thought to be particularly pronounced in the implanted embryo, where it has been observed that the peripheral giant cells of the placenta are often packed with maternal red cells and other cellular debris (Billington, 1971; Owers, 1971; Knoth and Larsen, 1972; Clint et al., 1979) . Although animal in-vitro data on trophoblast phagocytosis is consistent with the in-vivo observation (Schlesinger and Koren, 1967; Koren and Behreman, 1968; Owers, 1971; Henrichs et al., 1985) , human in-vitro data have been frustratingly inconsistent. Indeed, it has been suggested that phagocytic activity in the human placenta is confined to cells of the macrophage lineage (Loke et al., 1982) . However, previous studies have been hampered by the paucity and poor viability of cells inherent in primary trophoblast cell cultures, contamination by other cell types which themselves have phagocytic activity, lack of reliable markers of trophoblast, and by limitations of the methods available to demonstrate conclusively internalization of particulate material during experiments on phagocytosis.
There is increasing evidence to suggest that phagocytosis plays an important role in the tissue remodelling that occurs in a wide range of physiological situations (e.g. the periodontal ligament of the mouse molar; Everts et al., 1996) and pathological conditions such as inflammation (Van Der Zee et al., 1995) . In reproduction, implantation and trophoblastic invasion both involve extensive displacement and/or disruption (tissue remodelling) of the maternal decidua. It is teleologically sound to suppose that phagocytosis might also play a role in these processes. In this study we have sought initially to study the phagocytic properties of the trophoblast, having overcome the limitations of previous studies. We used trophoblast cell lines generated by DNA transfection to overcome the problems posed by the use of primary cultures, although all the experiments described were corroborated by parallel experiments with untransformed cells. We employed a range of markers, including cytokeratin and human placental lactogen (HPL), reliably to identify trophoblast cells. We studied trophoblast phagocytosis of sheep red blood cells (SRBC), Staphylococcus aureus and baker's yeast, using a professional phagocyte, the macrophage cell J774, as a positive control. To verify phagocytic activity, we studied the influence of temperature (4°C inhibits phagocytosis) and cytochalasin B (an inhibitor of phagocytosis), as well as the nitroblue tetrazolium (NBT) dye test. The NBT test is used to detect the presence of reactive oxygen species that are generated as a result of the phagocytic process. Phagocytic cells are known to generate reactive oxygen species such as O 2 -and H 2 O 2 when exposed to a variety of agents interacting with the cell membrane. This reaction-known as the oxidative burst-involves the oneelectron reduction of oxygen to O 2 -catalysed by an NADPH or NADH oxidase utilizing NADPH or NADH as electron donors. A portion of the O 2 -is converted to H 2 O 2 via spontaneous or enzyme-facilitated dismutation. NBT is a Finally, we utilized confocal microscopy to localize phagocytosed material to the intracellular compartment.
Materials and methods

Preparation of primary cultures of human extravillous trophoblastic cells
Human placental tissue was obtained from first trimester pregnancy terminations. A modification of the method described by Loke and Burland (1988) was used to prepare single-cell suspensions of trophoblasts. Briefly, placental tissue was collected into Ham's F10 medium (Sigma, Poole, Dorset, UK). Areas rich in chorionic villi were washed in copious amounts of cold Ham's F10 and separated from any attached decidual tissue. The chorionic villi were minced finely with scissors and knife, and disaggregated with 0.25% trypsin/ 0.02% EDTA (ICN Biochemicals Ltd, Thame, Berks, UK) for 15 min at 37°C, the whole suspension being stirred continually on a magnetic stirrer. The trypsin was then neutralized by adding excess Ham's F10, and the resultant cell suspension filtered through two layers of muslin, washed and resuspended in Ham's F10 before being layered over Lymphoprep (Nycomed As, Oslo, Norway) and centrifuged at 400 g for 20 min to pellet erythrocytes. The interface cells were harvested, washed three times and finally resuspended at a concentration of 1ϫ10 6 cells/ml in culture medium comprising Ham's F10 supplemented with 5% Ultroser G (Gibco BRL Life Technologies Ltd, Paisley, UK), penicillin 100 U/ml, streptomycin 50 µg/ml and fungizone 0.2 µg/ml (Gibco). The cells were then seeded onto four spotted slides (Hendley Ltd, Loughton, Essex, UK) and maintained at 37°C in a humidified atmosphere of 5% CO 2 in air. Under these conditions this method yields cytotrophoblasts (CTB) 2942 with a purity of 80-90%, as assessed by positive staining for cytokeratin, HPL and with the class I antibody W6/32, and negative for vimentin initially, although extravillous trophoblast can co-express vimentin and cytokeratin in culture (Aboagye-Mathiesen et al., 1996) .
Establishment and characterization of cytotrophoblast cell lines (CTB-CL)
The protocol used was a modification of the poly-L-ornithine-mediated transfection technique previously described by Dong et al. (1993) . Briefly, on day 4 of culture, extravillous trophoblast cells prepared as described above were washed and allowed to re-equilibrate in Dulbecco's Modified Eagle's Medium (DMEM; ICN Biochemicals Ltd). The DMEM was aspirated and replaced with 10 µg of plasmid DNA (pSV3neo, purified from Escherichia coli, and containing the large T-antigen of SV40) and 10 µg/ml of poly-L-ornithine (Sigma) in DMEM, and incubated for 6 h at 37°C with gentle mixing every 1.5 h. The medium was then aspirated and replaced with 30% (v/v) dimethylsulphoxide (DMSO) in DMEM supplemented with 10% fetal calf serum (FCS) for 4 min at room temperature. The plates were rapidly washed and 5 ml of fresh DMEM with 10% FCS was added to each plate and returned to the incubator.
At 5 days after transfection, cells incorporating the plasmid were selected by incubation in the same medium but with added G418 (Gibco) at a concentration of 0.3 mg/ml. The medium was replaced every 3 days and the G418 removed after 7 days. Cultures were monitored continually and resistant colonies removed using 0.25% trypsin-EDTA and expanded prior to evaluation.
Monoclonal antibodies (see Table II ) were used to characterize the cell lines by studying the expression of cytokeratin, vimentin, HPL, human chorionic gonadotrophin (HCG) and class I and class II HLA antigens. The indirect peroxidase method was used with the following steps. (i) Cells grown on coverslips were fixed in acetone for 30 min, washed three times in Tris-buffered saline (TBS) pH7.6, and blocked with rabbit serum for 30 min. (ii) The rabbit serum was removed and the primary antibody applied for 1 h before removal with TBS. The second antibody (peroxidase-conjugated rabbit anti-mouse, diluted 1 in 50, and normal human serum diluted 1 in 25) was applied for 30 min. The cells were washed three times in TBS. (iii) The peroxidase was developed with diaminobenzidine (Sigma) for 10 min, followed by thorough washing in tap water. The slides were counterstained in haematoxylin (Merck Ltd, Poole, Dorset, UK), washed in tap water, and dehydrated in 70% alcohol for 10 s followed by 100% alcohol for 1 min twice, followed by immersion in xylene for 1 min. Coverslips were then mounted in Ralmount (Merck Ltd). Positively stained cells gave a brown-coloured product.
Phagocytic assays
Cells
Phagocytic activity was studied in CTB in primary culture, in CTB-CL (MC4 and L10) and in the murine macrophage cell J774. The standard culture medium used in the phagocytic assays was Ham's F10 with glutamax (Gibco), supplemented with 1% Ultroser G (Gibco), penicillin 100 U/streptomycin 100 µg/ml (ICN Biochemicals Ltd) and 0.2 mg/ml of fungizone (Gibco). The cell line J774 was grown in DMEM supplemented with 10% FCS, penicillin 100 U/ streptomycin 100 µg/ml and 10 mM glutamine (ICN Biochemicals Ltd). Cell lines were trypsinized from culture flasks with 0.25% trypsin-EDTA (ICN Biochemicals Ltd) and cultured onto multispotted polytetrafluoroethylene (PTFE)-coated slides (Hendley Ltd). This coating allowed the solution to be confined to the wells, each of which could comfortably accommodate 200 µl. Cells were left to adhere overnight before the start of the experiment. CTB were cultured directly onto slides and used on day 3 of culture.
While the bulk of the phagocytic assays were performed using CTB-CL, all key experiments were repeated using CTB to ensure that the observations were not an epiphenomenon peculiar to transfected cells. Phagocytic assays were performed in triplicate, and each experiment repeated at least twice. CTB and CTB-CL exhibiting phagocytic activity were positively identified as being of the trophoblastic lineage by the markers HPL and cytokeratin.
The cell line J774, a professional phagocyte, provided the positive 2943 control. Additional control experiments included setting up the phagocytic assays at 4°C, when phagocytosis should be inhibited, as well as experiments in which the conventional inhibitor of phagocytosis, cytochalasin B (Sigma), was added to the culture medium at a concentration of 10 µg/ml.
Phagocytosis of sheep red blood cells (SRBC)
Primary trophoblast preparations were cultured on multiwell slides for 3 days before the start of phagocytosis experiments at a concentration between 5ϫ10 4 and 1ϫ10 5 cells/ml in volumes of 100 µl. Culture medium (Ham's F10) was replaced after 2 days. Trophoblast cell lines were added in equal numbers after trypsinization, allowed to adhere, and maintained in culture for at least 1 day before the start of experiments. Cells were incubated with 100 µl of 0.2% glutaraldehyde-fixed SRBC (Sigma) per spot in its culture medium and incubated for 4 h at 37°C, under 5% CO 2 in air. At the end of incubation, non-adherent SRBC were washed off and the slides left to air-dry before staining for light or fluorescent microscopy. To study the effect of opsonization, the SRBC were incubated with mouse anti-sheep red blood cell serum at 1:1500 dilution (Organon Teknika, Oxford, UK) at 37°C for 30 min. The opsonized cells were washed in culture medium several times and resuspended in the desired volume before being used in the phagocytosis assay.
Phagocytosis of Staphylococcus aureus
1% killed S.aureus (Sigma) were added to cell cultures in volumes of 100 µl per spot and incubated for 4 h at 37°C under 5% CO 2 in air. After the 4 h incubation period, extracellular S.aureus were removed by adding 10 IU/ml Lysostaphin (Sigma) for 4 min at 37°C. 
Phagocytosis of baker's yeast (Saccharomyces cerevisiae)
(a, b) Phagocytosis of SRBC (arrows). (c, d) Phagocytosis of S.aureus (arrows). (e, f) Phagocytosis of yeast (arrows).
Phagocytosis by J774 of all three targets appears to have reached saturation, with SRBC and yeast particles being seen to adhere to the surface of the saturated cells. In contrast, phagocytosis in trophoblast is much less extensive, with phagocytosed material being found in small clusters in the trophoblast cells. The intracellular location of particles can be deduced from the fact that most tend to congregate selectively around the nuclear region, which would not be the case if they were randomly localized extracellularly; and from the fact that particles are in the same focal plane as the cell nuclei, which again would not be the case with extracellular particles. Additional confirmatory data are shown in the confocal microscopy images. Scale bars: (a, d, e, f) ϭ 14.6 µm; (b) ϭ 15.4 µm; (c) ϭ 15.8 µm.
Light microscopy
Air-dried slides were fixed in methanol at room temperature for 1 min. Ingested particles were visualized by staining with MayGrunwald-Giemsa reagent (Sigma).
Fluorescent microscopy
Slides were air-dried and fixed in acetone for 30 min, washed in PBS and incubated with a 1/10 dilution of blocking serum, either rabbit (fresh, obtained from our animal house) or swine serum (Dako, Cambridge, UK) for 30 min. Slides were washed with PBS after incubation and primary murine anti-human cytokeratin 18 (1/50), murine anti-human W6/32 (Serotec, Oxford, UK) which recognizes the monomorphic component of MHC class I, or rabbit anti-human HPL (1/100; Serotec) antibody applied for 1 h. Secondary FITCconjugated swine anti-rabbit (1/100; Dako), FITC-conjugated 2944 rabbit anti-mouse (1/100; Dako) or TRITC-conjugated rabbit antimouse (1/20) was applied for 30 min in the dark. Slides were mounted in Vectorshield mounting medium (Vectorlab, Bretton, Peterborough, UK).
Confocal microscopy
The LSM 410 inverted laser scanning microscope was used to image cells for intracellular particles using both 543 nm (red) and 488 nm (green) lasers at 1-2 µm intervals. SRBC autofluoresce in the red emission spectrum and hence can be detected without labelling.
Nitroblue tetrazolium (NBT)
30 µl of a 1% solution of NBT (Sigma) in a final volume of 400 µl was used. 100 µl of final solution was added to cultures in the presence or absence of SRBC or yeast and incubated for 4 h. The degree of blue zymozan formation was assessed visually. Table I shows the phenotypic characteristics of MC4 and L10 as demonstrated by immunocytochemistry using various antibodies (Table II) . CTB-CL-L10 is cytokeratin-positive, whereas CTB-CL-MC4 is cytokeratin-negative, but both are positive for the hormones HCG, HPL and SP1. The morphology of the cell lines is demonstrated in Figure 1 .
Results
Characteristics of trophoblast cell lines
Phagocytic activity of J774 and CTB-CL
The professional phagocyte J774 exhibited avid phagocytosis of SRBC, S.aureus and yeast (Figure 2a-c) . CTB-CL were also phagocytic (Figure 2d-f ), though to a much lesser extent. Semi-quantitative comparisons of phagocytic activity (using simple microscope counts of phagocytosed particles) were made between J774 and CTB-CL. The phagocytic index was derived from the number of cells with associated particles in a given field. Between 150-350 cells were counted per experiment. All experiments were repeated three times. Not surprisingly, the phagocytic activity of J774 was avid, with a 100% phagocytic index. By comparison, the phagocytic activity of L10 was very much less aggressive, with a phagocytic index of 25%. Culturing L10 at 4°C completely abolished the uptake of SRBC, while the presence of the inhibitor cytochalasin B reduced the phagocytic index by 95%. The effect of culturing J774 at 4°C and in the presence of cytochalasin B was also marked but could not be quantitated using the above calculation of phagocytic index as most cells still appeared to be associated with phagocytosable particles, albeit to a very much reduced degree.
Phagocytic activity of trophoblast cells (CTB) in primary culture
Using the markers cytokeratin and HPL to demonstrate trophoblastic lineage, CTB were found to phagocytose SRBC, S.aureus and baker's yeast to a similar degree as CTB-CL (Figure 3a-d) . Phagocytosis was also inhibited by cytochalasin B and culture at 4°C. Phagocytic activity in CTB-CL is demonstrated in Figure 3e -g.
Use of confocal microscopy to confirm intracellular locality of phagocytosed material
Two approaches were adopted. First, the phagocytic cell (J774, CTB-CL or CTB) was allowed to internalize a labelled target (S.aureus and baker's yeast were labelled with Congo Red, while SRBC autofluoresced). Trophoblastic cells were stained for immunofluorescent microscopy (coloured green) with an anti-cytokeratin antibody. A single confocal image of the phagocytic cell was then taken at the mid-cell level. The intracellular location of the phagocytosed material was deduced from areas of co-localization of the two colours (seen as yellow; Figure 4a -c).
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The nitroblue tetrazolium dye (NBT) test NBT reduction was visualized as dark blue formazan deposits ( Figure 5 ). Spontaneous reduction of NBT occurred with both J774 and CTB-CL, and there was no difference discernible by the naked eye when cells were incubated with a target.
Discussion
In this study we have demonstrated unequivocally that the extravillous trophoblast, both in primary culture and as transfected cell lines, has phagocytic capacity in both standard assay systems using SRBC and when challenged with potential pathogens such as bacteria and fungi. We utilized measures that have allowed us to overcome the limitations of previous studies. To identify reliably the phagocytic cells as being of the trophoblastic lineage, we used not only the epithelial cell marker cytokeratin, but also HPL which, to our knowledge, is secreted only by cells of the trophoblastic lineage. We overcame the problems of contamination, paucity and viability of cells inherent in primary cultures by using cell lines which, as far as we could determine, had retained many of the characteristics of the original cell type. The use of cell lines allowed an unlimited supply of cells of relatively uniform/consistent characteristics, thereby avoiding the greater inter-experiment variation inherent in the use of primary cultures where a fresh preparation is required for each experiment. However, we ensured that the phagocytic activity observed was not merely a peculiarity of transfected cells by repeating all key experiments at least twice, using untransfected primary culture cells. Finally, we utilized confocal microscopy to prove that particulate material had indeed been internalized.
In an attempt to verify further any phagocytosis we used the NBT test. The reduction of NBT, a redox dye which converts from a soluble yellow compound into an insoluble dark-blue formazan, is used widely to assay for the production of free oxygen radicals (Amano et al., 1975; Ando et al., 1979; Pick et al., 1981) , a process which is known to occur during phagocytosis as a result of cell membrane interaction with various particles. We found spontaneous reduction of NBT in cell lines, and therefore NBT reduction could not validate the process of phagocytosis in our studies. It is possible that free oxygen radicals are constantly being produced by some metabolic process peculiar to trophoblasts. However, an alternative-and plausible-explanation for our findings is that trophoblasts are constantly phagocytosing material, such as extracellular matrix, resulting in an abundance of free oxygen radicals. Thus, the NBT test might be an inappropriate tool to validate phagocytosis in this experimental system. Phagocytosis is traditionally recognized as a phenomenon of cells of haematopoietic lineage, i.e. monocytes and macrophages, the professional phagocytes whose prime function is that of immunosurveillance and host defence against infection. Their phagocytic activity in vitro has thus been mainly defined in terms of their ability to phagocytose SRBC, bacteria and other pathogens (Vernon et al., 1984; Oda and Maeda, 1986; Kreukniet et al., 1994) . This type of phagocytic activity would be unlikely to be the primary function of the trophoblast, and it should therefore not be surprising that in our studies we found that, compared with the cell line J774 (a professional phagocyte), phagocytic activity in the trophoblast is low. This may also partly explain the apparently negative findings reported by Loke et al. (1982) on phagocytosis in human trophoblastic cells. However, we employed a positive control (cell line J774) as well as additional controls, such as temperature and the specific inhibitor cytochalasin B, to verify phagocytic activity in the trophoblast. Supportive of our findings is the recent publication by Bajoria et al. (1997) who report that small unilamellar liposomes are internalized by human trophoblast cells in culture by an energy-dependent pathway, most probably endocytosis. The trophoblast cells in this study were prepared from term placentae, and it is likely that this endocytosis reflects the transport functions of the trophoblast. We postulate that phagocytic activity in first trimester extravillous trophoblasts, which is the invasive sub-population of trophoblasts during placentation, may have more important functions in relation to degradation of extracellular matrix and the tissue remodelling that must occur during invasion of the decidua. In other physiological and pathological 2947 situations where tissue remodelling occurs, such as the rapid turnover in the periodontal ligament or during inflammation, cells that are not considered professional phagocytes actively phagocytose collagen (Van Der Zee et al., 1995; Everts et al., 1996) . Thus, while phagocytic activity can be demonstrated in the trophoblast, some of its characteristics might well be expected to differ from those of the professional phagocyte.
We conclude that the human extravillous trophoblast possesses phagocytic potential that is demonstrable in vitro. This activity is low when compared with phagocytic activity in professional phagocytes using conventional assays of phagocytosis. We postulate that in the trophoblast, phagocytosis is directed mainly towards tissue remodelling during implantation and trophoblastic invasion, and we have obtained preliminary data showing that the human extravillous trophoblast does indeed phagocytose collagen, the most abundant protein in the body and the largest constituent of basement membrane and extracellular matrix. We have also obtained preliminary data on the existence of lysosomal enzyme systems, including acid phosphatase, that might be involved in the degradation of phagocytosed collagen. 
